teine residue [1]. The reactions at the two active sites of GATases are coupled 2-fold: (1) the glutaminase activity is stimulated by the binding of the acceptor substrate to the synthase active site, which avoids wasteful hydrolysis of glutamine, and (2) by the transfer of nascent 
Figure 1. Reactions Catalyzed by the Glutaminase Subunit HisH and the Cyclase Subunit HisF, which Constitute the ImGP Synthase
The products ImGP and AICAR are further used in histidine and de novo purine biosynthesis, respectively. nase activity of HisH, both in the E. coli and T. maritima HisH structure was determined using the glutaminase subunit of the bienzyme complex as a structural template. enzymes, indicating tight coupling of the two reactions [17, 18] . Furthermore, several conserved residues in The HisF cyclase subunit folds as a (␤␣) 8 barrel with extensive loops at the C-terminal face of the central ␤ HisF were shown to be crucial for the glutamine-dependent reaction of the bienzyme complex but not for the barrel, harbouring the active site, and a rather flat surface at the N-terminal face, to which the HisH subunit ammonia-dependent reaction of the isolated cyclase subunit [18, 22] .
is bound (Figure 3 ). The overall HisF structure within the bienzyme complex is similar to that of isolated HisF, In order to investigate the structural basis of the coupling of these two reactions, we solved the X-ray strucwith rmsds for all main chain atoms between 0.4 and 0.6 Å , depending on which of the three bienzyme comture of the HisH-HisF heterodimer from T. maritima. The HisH subunit associates with the N-terminal face of the plexes is used for comparison. Nevertheless, there are considerable structural differences between the active ␤ barrel of the HisF subunit, leaving its active site exposed at the C-terminal face of the ␤ barrel. The strucsite loops of the three HisF molecules of the bienzyme complexes when compared to each other and to the ture shows that ammonia needs to be transferred from the glutaminase active site to the cyclase active site separate HisF structure [19] . The largest differences are found within the first two active site loops, connecting over a distance of about 25 Å . We suggest a model in which ammonia travels through a bipartite tunnel, the strand ␤1 to helix ␣1 and strand ␤2 to helix ␣2 ( Figure  3) . Two of the three HisF subunits bind two phosphate larger part of which is formed by the interior of the HisF ␤ barrel. In the presented structure, which does not ions, each mimicking the two phosphate groups of the substrate PRFAR, as observed for isolated HisF [19] . In contain physiological ligands, the postulated tunnel is closed by a conserved salt bridge cluster at the HisHthese two HisF subunits, the long loop connecting strand ␤1 and helix ␣1 contains a small two-stranded ␤ HisF interface. Binding of the substrate PRFAR to the active site of HisF probably induces a conformational sheet ( Figures 3A and 3B) . However, the HisF subunit of the third heterodimeric complex within the asymmettransition, which results in the stimulation of the HisH glutaminase activity and the opening of the ammonia ric unit ( Figure 3C ) contains only one active site phosphate ion, which is bound to the loops connecting tunnel.
strands ␤7 and ␤8 with the subsequent helices, respectively. Comparison of the two different HisF active site Results conformations demonstrates that, in the HisF subunit of Figure 3C , the ␤1-␣1 loop is flipped toward the outer Overall Structure ␣-helical barrel ring, leading to a partial opening of the We have solved the crystal structure of the heterodiHisF active site ( Figure 3D ), as observed for isolated meric bienzyme ImGP synthase from the hyperthermoHisF [19] . In this subunit, there is no additional ␤ sheet phile organism T. maritima, comprising the glutaminase within the loop ␤1-␣1, and three residues (20-22) were subunit HisH and the cyclase subunit HisF, at 2.4 Å not visible in the final electron density. Furthermore, the resolution (Figures 2 and 3 Figures 2 and 3) , are separated by about 25 Å in Prior to crystallization, purified HisH sample was dialyzed against 10
